Patterning of the ventral half of the neural tube results from the inductive influence of the notochord and of the floor plate. We have studied here the effect of an ectopically grafted notochord on the development of the dorsalmost part of the neural tube i.e. roof plate and alar plates. We show that at their early stages, dorsal genes are repressed by the dorsal graft of a notochord, as shown previously in other studies. We found also that when the notochord is implanted in a mediodorsal position on top of the roof plate (and not laterally as previously performed in other studies) the genes specifics of the floor plate are not induced, and motoneurons do not differentiate. The notochord prevents the formation of the medial septum from roof plate cells and induces their active proliferation between E5 and E7. Roof and dorsal alar plates derived cells start to die from E7 onward leaving a dorsally truncated spinal cord. If the notochord is grafted at 20"-30" from the sagittal plane ventral genes and structures are induced and the roof plate differentiates normally. We conclude that roof plate cells exhibit a specific response to notochord signals, the short range effect of which is thus strikingly demonstrated.
Introduction
Development of the spinal cord involves the onset of a polarized pattern of expression of regulatory genes and the production of a variety of growth factors. This results in the differentiation of distinct types of neurons along the dorsoventral axis.
The notochord has been shown to play a major role in the polarization of the spinal cord along the dorsoventral axis. It is considered to induce the formation of the floor plate (Van Straaten et al., 1985; Smith and Schoenwolf, 1989; Yamada et al., 1991; Placzek et al., 1993) which in turn is able to induce the determination and differentiation of motoneurons (Placzek et al., 1991; Yamada et al., 1991) . Diffusible molecules encoded by genes expressed in the notochord and/or the floor plate have recently been isolated: F-Spondin (Klar et al., 1992) , the vertebrate homolog of the Drosophila gene Hedgehog, Sonichhh (Echelard et al., 1993; Riddle et al., 1993; Roelink et al., * Corresponding author. 1994) are good candidates for mediating the ventral-type inductions.
The dorsal neural tube does not seem to be subjected to the ventral signals. It expresses a different set of genes such as (Gruss and Walther, 1992; Basler et al., 1993) . Dsl-1 encodes a secreted molecule of the TGF B family, which is able to promote the formation of the neural crest from early neuroepithelium fragments in organotypic cultures (Basler et al., 1993) . Furthermore, interactions between the superficial ectoderm and the roof pltite promote the expression of genes of the msh family such as Msx2 (Takahashi et al., 1992; Monsoro-Burq et al., 1994) .
The essential role of environmental factors in patterning the neural tube is attested by the fact that gene expression can be experimentally modified by changing the normal spatial relationships between the axial organs at critical stages of development. Thus, in the chick embryo at two days of incubation (E2), notochord or floor-plate grafted laterally to the neural tube, at the trunk level, induce the differentiation of motoneurons (Yamada et al., 0925.4773/95/$09.50 0 1995 Elsevier Science Ireland Ltd. All rights reserved SSDl 0925-4773(95)00426-2 1991) in the lateral neural tube, while the expression the dorsal gene Pax 3 is inhibited in the vicinity of the graft (Goulding et al., 1993) . The notochord placed mediodorsally inhibits the expression of dorsal genes such as Dsl-I (Basler et al., 1993) and Msx2 (Monsoro-Burq et al., 1994) . The influence of a dorsally grafted notochord on Msx2 expression in the neural tube is short-ranged and limited to a short developmental window. Thus, the graft inhibits Msx2 expression if placed at the level of the still unsegmented paraxial mesoderm but has no effect on a more mature neural tube (Monsoro-Burq et al., 1994) . This short-range action of the notochord was also seen in other studies where the notochord was implanted laterally to the neural tube. In this situation, Pax3 expression was unaffected in the dorsalmost part of the neural tube (Goulding et al., 1993) . We decided to further analyse the effect of the notochord on the development of the neural tube. The notochord was ectopically grafted either mediodorsally above the fusing neural folds, thus not preventing roof plate formation, or in a dorsolateral position, at about 20"-30" from the sagittal plane. The expression of a large panel of dorsal and ventral markers was monitored 48-72 h after the operation (i.e. between E4 and E5) ( Table 1) . It appeared that both mediodorsal and laterodorsal grafts inhibit dorsal markers, but the ventral genes which characterize the floor plate and motoneurons were not induced by mediodorsal grafts. Suzuki et al., 1991; (2) Takahashi and IX Douarin, 1990; (3) Goulding et al., 1993; (4) Basler et al., 1993; (5) Riddle et al., 1993; (6) Yamada et al., 1993; (7) Pourquie et al., 1992; (8) Halfter et al., 1994 ; (9) Sigma lmmuno Chemical No. 4142.
We then decided to further consider the fate of the alar and roof plate cells, whose developmental program is perturbed from the time of neural tube closure by the influence of the notochord. The embryos were observed daily up to ElO. Under the long term action of the ectopic notochord, a profound alteration of the fate of the dorsal spinal cord development is observed. The interesting point is that the nature and extent of these perturbations vary strikingly with subtle changes in the position of the notochord with respect to the plane of bilateral symmetry.
The importance of the roof plate in the response of the dorsal spinal cord to notochord signals is thus evidenced.
Results

Mediodorsal grafting of a notochord results in the extinction of dorsal markers and the partial induction of ventral ones at E4-E5
The notochord removed from 18 to 24 somite stage quail embryos was inserted mediodorsally into stagematched chick recipients at the level of the last somites formed and along the unsegmented area (Fig. lA,B ).
Extinction of dorsal markers
Expression of the following genes was examined at the level of the graft, 2 days after the operation (E4): Msx2 ( Fig. 2A,B ,D,E), Msxl (Fig. 2C,F) , Pax3 (Fig. 2G ,H,J,K) and Dsl-I (Fig. 21,L) .
As already reported, the dorsal graft of a notochord did not prevent emigration of neural crest cells and dorsal root ganglia (DRG) formed at the graft level (Artinger and Bronner-Fraser, 1992; Monsoro-Burq et al., 1994) . The dorsal notochord graft inhibited totally the activity of the genes whose expression is normally restricted to the roof plate and the adjacent areas of the alar plates. This is the case for Msx2 (Fig. 2D,E) . The domain of expression of the other genes (Msxl, Pax3 and Dsl-f) is more extended ventrally in the alar plates than that of Msx2. The dorsally grafted notochord inhibited their dorsal expression (Fig. 2) , while in some embryos their ventral domain of expression was unaffected. Thus the ventral domain of expression was maintained in 6 out of 14 cases (43%) for Msxl, in 2 out of 5 cases (40%) for Dsl-I, in 5 out of 8 cases (62%) for Pax3. In all grafted embryos, Pax3 expression was maintained in the DRG.
Induction of some ventral markers at E4-E5
During normal development, at E4, the floor plate expresses vhh, as does the notochord (Fig. 3A,B) . Cholin Acetyl transferase (ChA7') transcripts are specifically expressed in motoneurons at this stage (Fig. 3A,C) . The BEN protein is expressed by floor plate cells and the motoneurons in the mantle layer of the basal plate as well as by motor and sensory fibers (Fig. 3D ). Normally no the grafted levels along the anteroposterior axis, i.e. the five last somites formed plus the unsegmented area (Seg + Useg) or the unsegmented ama alone (Useg). (B) Scheme of the notochord grafting at E2: the notochord is inserted within a slit made through the ectoderm, between neural tube and somites for lateral grafts or above the neural tube for dorsal grafts. N, host notochord; N', grafted notochord; NT, neural tube; Ao, aorta; S, somite; EC, ectoderm; En, endoderm. (C) Scheme of dorsoventral rotation of the neural tube at E2. After ablating the host neural tube at the revel of the five last somite pairs formed plus the rostra1 unsegmented area where the neural tube is closed, a quail neural tube dissected at equivalent levels is inserted after 180" dorsoventral rotation. D, dorsal side; V, ventral side.
cell body in the alar plate does express BEN. In normal embryos, Pax6 is expressed strongly in ventrolateral parts of the neural tube (Fig. 4A, B) , and not by floor plate cells.
The notochord implanted dorsally continued to express vhh, as it does in situ (Fig. 3E,F ) (n = 3). However, the dorsal ventricular epithelium was clearly negative for vhh expression (Fig. 3E,F) ; no BEN positive cells with a floor plate cell morphology were detected (Fig. 3H ) (n = 11 at E4, n = 3 at E5). Therefore, cells with floor plate characteristics were not induced by the graft.
Under the dorsal graft, scattered BEN positive cells sometimes appeared in the roof plate (n = 7/15), but no cell with ChAT transcripts were detected in a dorsomedial position (Fig. 3G ,H) (n = 5). This indicates that motoneurons were not induced by the graft. Under the influence of the dorsal notochord however, Pax6 was upregulated dorsally in the alar plates (n = 6/6), but not in the cells lying strictly under the notochord (Fig. 4 C,D) . Since Pax3 was still expressed in the ventral part of the alar plates in 62% of the cases, we verified by serial sections in additional specimens that Pax3 and Pax6 are co-expressed at a high level in the most ventral parts of the alar plates (not shown).
Taken together, these results revealed that the dorsal graft of the notochord perturbs significantly gene expression in the neural tube, especially in the alar plates, with the inhibition of dorsal properties and the induction of some ventral ones ( Table 2 ). The roof plate, formed by fusion of the neural folds under the graft, is not competent to form floor plate cells, When the notochord is grafted dorsolaterally to the neural tube, vhh positive cells are induced in the lateral ventricular zone, indicating the formation of an ectopic floor plate (Fig. 31,J) . Laterally, in the mantle layer, BEN and ChAT positive cells are induced (n = 8/15 with dorsal notochord, n = 6/6 with lateral notochord) (Fig. 2K,L) . They send BEN positive fibers outside the neural tube (Fig. 2L) , attesting that well differentiated motoneurons were induced by the notochord. In these conditions, dorsalmost areas of expression of Pax3, Msxl, Msx2 remained unchanged (not shown).
The dorsally grafted notochord deeply perturbs the further dorsal development of the spinal cord
In this series, the operated embryos were sacrificed at E5 to El0 and their neural structures were compared to those of stagematched controls.
The normal fate of the roof plate is to form the dorsal septum. As previously described (Ramon y Cajal, 1911; Altman and Bayer, 1984; Marani, 1990; Snow et al., 1990 ) the roof plate cells elongate while their nuclei become dorsally located and form a medial glial barrier to axonal growth ( Fig. 5A-C) . Dorsolaterally sensory fibers from the DRG form a thick unique bundle reaching the dorsal funiculi ( (Fig. 5D) ; the floor plate still expresses strongly the BEN marker. Implantation of an araldite membrane dorsally does not perturb development of the neural tube (Fig. 5F ).
We examined 22 grafted embryos at E7 to El0 and showed the notochord in a strictly dorsal position. The effect of the graft was recorded on serial sections of the cervicotruncal region i.e. encompassing the graft site plus a large territory at its two extremities. This was useful since the effect of the notochord extended some distance anteriorly and posteriorly to the graft.
The first disturbances observed, at about 400 pm to the graft (Fig. 5G , section level l), consisted in the fragmentation of the dorsal root of the spinal nerve in several
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Effect of the dorsal and lateral notochord graft on vhh, ChAT and BEN expression at E4-E5: in normal embryos, at E4-ES (A), vhh, ChAT, BEN label ventral structures in the spinal cord. Vhh labels the notochord and the floor plate (B), ChAT labels motoneurons in the basal plate (C), BEN protein is expressed in the floor plate, the motoneurons, the motor and sensory fibers (D). At ES, BEN also labels faintly the roof plate: thus, BEN/Xl, the marker most communly used in previous studies cannot be used when dealing with roof plate modification under the effect of the notochord at this stage. bundles of sensory fibers (Fig. 5H-J) . The external polarization of the nuclei in the cells of the dorsal septum, already well established at this stage in the normal septum (see Fig. 5B ) did not exist in the experimental embryos where the nuclei were accumulated near the ependymal lumen forming a subventricular zone abnormal at this level of the developing spinal cord (Fig. 5H,J) . This was accompanied by a loss of the functional properties of the medial septum examplified by the fact that closer to the graft (section level 2, Fig. SG,J-L) , the sensory fibers crossed the dorsal midline forming a continuous sheet extending longitudinally above the surface of the spinal cord. The latter point is visible on Fig. 5K representing a section located between two spinal nerves. This can be correlated to what is observed at E5 after Msxl labelling: at this stage, the Msxl gene is normally strongly expressed in the alar plates but weakly in the roof plate (Fig.  5M,N) . After the graft of a dorsal notochord, at levels preceeding the graft (section level 2, Fig. 5G ), the dorsal neural tube exhibits a rounded thick shape (Fig. 50 ) and the whole area expresses strongly Msxl (Fig. 5P ), suggesting that the whole dorsal neural tube is equivalent to an alar plate area.
At the graft level itself (Fig. 5G , section level 3), the spinal ganglia were still present although in some cases reduce in size. Their fibers reached the spinal cord more ventrally than in controls, at about the transition between the alar and basal plates (Fig. 6A,F-H) . A striking change in the dorsal region of the neural tube had occurred. It was characterized by an hyperproliferation of the dorsally located neuroepithelial cells. This led to the disorganisation of the septum area and most of the alar plate. According to antibody staining, these neuroepithelial cells are essentially undifferentiated, showing no significant staining with NF ( Fig. 6A), BEN (Fig. 6B) and Axonin-l antibodies (Fig. 6C) . At this stage, ChAT is expressed by subpopulations of motoneurons in the basal plates of Fig. 5G (1, 2 or 3) . At distance from the graft (level 1). sensory neurites projecting to the alar plates do not form a unique bundle; they connect at several levels in the dorsal funiculi. normal embryos (Fig. 6D) . After the graft of a dorsal notochord, no ChAT labelling was observed dorsally (Fig.  6E ). These cells degenerated rapidly since observations carried out at E9 and El0 show that they have been completely eliminated leaving the neural canal closed dorsally by only a thin fibrous layer (Fig. 6F-H) . The spinal cord at this level was not protected dorsally by the vertebral cartilage since, as described previously (Monsoro-Burq et al., 1994) , the spinous process did not form dorsally in the presence of the notochord.
It has been previously shown that the graft of a notochord laterally to the neural tube represses Par3 expression in the alar plate while extending dorsally the Pax6 positive area and inducing floor plate properties and motoneuron differentiation in the lateral (including the alar plates) wall of the developing spinal cord (van Stratten et al., 1985; Yamada et al., 1991; Goulding et al., 1993; Pourquie et al., 1993) . This was fully confirmed by our own results which in addition showed that the notochord was able to induce floor plate and motoneuron properties only if it was placed at least at a 20" angle off the sagittal plan. After the graft of a lateral notochord in 18 to 24-somite embryos, we observed nerves bundles exiting from the induced motoneurons at E8-E9 (not shown and 0. Pourquie, personal communication).
In these embryos, no abnormalities were seen in the dorsal septum and in the pattern of sensory fibers reaching the spinal cord and forming the dorsal funiculi after this type of operations. The abnormal cell proliferation which occurs in the neuroepithelium facing the dorsally grafted notochord was not observed in lateral grafts.
In conclusion, the effect of the grafted notochord on the spinal cord is strikingly different according to the spatial relationships that these two structures establish after experimental manipulation. If the notochord is placed dorsally in the sagittal plane, i.e. above the roof plate, the median septum is not formed, and a wave of cell proliferation of roof plate-derived cells is induced between E6 and E7. The cells resulting from this prolif- Table 2 Effect of the notochord at E4 eration die rapidly leaving the spinal cord reduced to the basal plates and the most ventral region of the alar plates.
DV rotation of the neural tube does not result in neural tube degeneration
Another way to subject the roof plate and dorsal neural tube to the effect of the notochord was to rotate of 180" the neural tube itself at the level of the 5 last somites formed plus the length of the already closed neural tube in the unsegmented area. For the operated region to be recognized, we used quail neural tubes as donors. Quail and chick embryos involved in these experiments were strictly stagematched.
As previously described by Takahashi et al. (1992) this manipulation resulted in the extinction of Msx2 gene expression in the roof plate at the E4 stage. Moreover, Pax3 and Msxl were down regulated whereas Pax6 was up regulated in the alar plates now placed in a ventral position (not shown).
In the embryos examined at E6-E9, the spinal cord was significantly reduced in size. The white matter was poorly developed and the overall morphology of the spinal cord was abnormal with a round shape and a large spinal canal. The floor plate now in a dorsal position continues to exhibit BEN immunoreactivity (Fig. 7A,B) . In some cases (5/6 cases treated with BEN), 4 groups of motoneurons with corresponding motor roots could be seen attesting that the endogenous notochord had induced alar plate cells to change their fate towards motoneuron differentiation.
No median dorsal septum developed in any of the dorsal or ventral side of the inserted spinal cord (Fig. 7) . However examination of 10 E7-9 embryos did not reveal the abnormal hyperproliferation of cells followed by their death as in the embryos which received a dorsal notochord graft.
Discussion
The prominent role of the notochord in dorsoventral patterning of the neural tube has been demonstrated by a (Fig. X3, level 3 ) there was no dorsal funiculi: these fibers were progressively localized at lateral parts of the neural tube, when getting near to the operated area. Under the quail notochord cells (arrow), at E7, a mass of neural tissue developed, it was slightly stained with anti-neurofilament antibody (A). A few fibers were simultaneously stained against BEN and Axonin-1 (Ax-l) as seen on adjacent sections (B,C, thin arrows). At E8-E9, ChAT transcripts are detected in subpopulation of motoneurons in the basal plate as well as in Temi columns (D, dark field). Under the dorsal notochord, no signal was present at E8-E9 (E, dark field). At E9-ElO, progressive degeneration of this area was observed, the tissue structure disaggregated (F-H) up to the complete loss of dorsal tissue. (F, BEN staining at E9; G, anti-neurofilament staining at E9; H. silver staining at ElO). Bar = 100pm.
series of studies carried out on the avian embryo (van Straaten et al., 1985; Smith and Schoenwolf, 1989; Yamada et al., 1991; Placzek et al., 1993; Yamada et al., 1993) . Thus, if the notochord is removed in vivo in the area where the neural tube is not yet closed, the floor plate does not form and the motoneurons fail to develop.
If the ablation is done after closure of the tube has occurred, the floor plate and motoneurons develop normally in the absence of notochord. Therefore polarization of the spinal cord takes place during a well defined temporal window. During the same period of time, a set of genes are activated in the dorsal half of the neural tube corre- sponding to the future alar plates and roof plate (Table 1) . Msx2 is expressed essentially in the roof plate and in the ectoderm and mesoderm located above it (Takahashi et al., 1992) . Msxl has about the same distribution albeit with a more ventral expansion (Robert et al., 1991; Suzuki et al., 1991) . Dsl-I transcripts have an area of distribution which corresponds to the roof plate and the dorsal part of the alar plate (Basler et al., 1993) . Pax3 expression is restricted to the presumptive alar plates, whereas Pax6 labelling characterizes the basal plates at the exclusion of their ventral region and of the floor plate (Goulding et al., 1993) .
The ectopic implantation of the notochord in a dorsolateral position with respect to the still unclosed neural tube greatly perturbs the activity of the above mentioned genes whose expression pattern reflects the dorsoventral polarity of the developing nervous system. Thus, transcription of Pax3 is extinguished close to the graft and that of Pax6 is induced dorsally (Goulding et al., 1993) . Msx2 is also locally switched off, in close contact to the graft (Monsoro-Burq et al., 1994) . At the same time, floor plate markers and motoneurons can be induced in the lateral neural tube (Yamada et al., 1991; Pourquie et al., 1993) .
The influence of a dorsally grafted notochord on neural tube development was also investigated by Yamada et al. (1991) by implanting it in lo-somite stage chick embryos within the neural groove itself before neural tube closure. In this situation, the cord is later found inserted between the neural folds, the fusion of which thus being prevented. In this case, ventral markers and motoneurons were induced in the alar plates in the absence of roof plate structures and the results did not differ significantly from those yielded by lateral grafts except that ventral markers were induced bilaterally in the alar plates which were both equally influenced by the mediodorsal grafts.
Such results were reproduced in our hands, when the notochord, similarly implanted within the neural groove of lo-somite stage embryos or occasionally of 18-24-somite stage embryos, prevented roof plate formation (not shown). However, most of the experiments carried out in the work reported here were done in older embryos (18-24-somite stage) at the level where the paraxial mesoderm is still unsegmented and in a way which does not prevent the roof plate to form. Thus, the dorsally grafted notochord was found later sitting on the roof plate of a normally closed neural tube. The effects of the transplant on the neural tube was in certain respects similar and in others strikingly different from those observed both for mediodorsal grafts preventing roof plate formation and for lateral grafts.
The similarities concern the inhibition of the dorsally expressed genes (Table 2) ; Msxl, Msx2, Dsl-I, Pax3 genes are repressed in the alar and roof plates under the influence of the notochord sitting on the roof plate ( Fig.  2 ; Table 2 ). The differences concern the induction of the genes ventrally expressed in the neural tube. Apart from the Pax6 gene, which is up regulated in the alar plates, the other ventral genes tested are not activated in roof and alar plates by mediodorsal notochord grafts (Figs. 3 and 4, Table 2 ). Thus, although the grafted notochord continues to express the vhh gene throughout the time period considered in these experiments, vhh transcripts do not appear in either roof or alar plate cells and CUP or BEN+ motoneurons do not differentiate from the alar plate neuroepithelial cells. Thus, as far as we can tell from the panel of genes tested in these experiments, the alar and roof plate cells subjected to the influence of a dorsally grafted notochord do express none of the combinatorial patterns of genes which characterize either the dorsal or the ventral neural tube. The question was then raised of what could be the fate of these cells later in development.
To answer this question, we have allowed the operated embryos to survive up to El0 and compared the structure of the spinal cord in the three following situations: i. when the notochord is grafted dorsolaterally at a 30" angle from the sagittal plane, ii. when it is grafted mediodorsally above the roof plate, iii. when the neural tube is rotated of 180" in order that the roof plate contacts the endogenous notochord.
The mediodorsal graft of the notochord alters profoundly the development of roof and alar plate cells. As soon as E7, the polarity of the roof plate derived cells is different in control and grafted embryos. In the former, the nuclei are located on the external surface of the dorsal neuroepithelial cells (Fig. 5B, E7 , silver stain) whereas they remain accumulated on the ependymal side in the grafted embryos. The latter situation goes together with the continuous proliferation of the dorsal epithelial cells and their failure to differentiate into the dorsal septum. Thus a mass of cells develops mediodorsally, remains undifferentiated and unlabelled with any of the markers used (Fig. 6) .
The effect of the ectopic notochord diffuses at both extremities of the graft at a distance which can be estimated at about 400pm in the E7 embryo. At a certain distance to the graft, the absence of dorsal septum results in the fact that afferent bilateral sensory fibers cross the midline instead of forming the well defined bilateral fascicles (Fig. 5) . This can be related to the pattern of expression of Msx genes at E5 in the operated embryos. Normally, at this stage, the alar plates strongly express Msxl whereas the roof plate is hardly labelled (Fig.   5M,N) ; the roof plate still expresses Msx2 (not shown). In the operated embryos, the neural tube is dorsally thickened and expresses Msxl as if it were equivalent to an alar plate domain ( Fig. 50,P) ; Msx2 is no more expressed (not shown). Thus the dorsal septum was detectable neither by morphology, nor by gene expression and functional properties which consist in preventing sensory fibers to cross the sagittal plane.
One can therefore assume that the prolonged effect of the notochord in the dorsal aspect of the neural tube hinders the normal differentiation of the roof plate cells while stimulating their proliferation. The simple presence of an obstacle between the superficial ectoderm such as a cat hair or a thin sheet of araldite interposed between the roof plate and the superficial ectoderm does not mimic the effect of the notochord. This rules out the possibility that the notochord acts by preventing interactions between roof plate and superficial ectoderm. On the contrary, it favours the idea that the notochord effect is mediated by (a) diffusible substance(s) endowed with a short range of action.
The mass of cells formed dorsally under the influence of the notochord reaches its maximal size at the levels which are directly in contact with the graft. In the following days, from E8 to ElO, these cells die and the dorsal 1/3rd of the spinal cord degenerates leaving the spinal canal separated from the graft and the dorsal mesenchyme by a thin sheet of cells only.
As shown by Pourquie et al. (1993) in our laboratory, the lateral notochord induces the somite to differentiate into sclerotomal cells. The ectopic notochord thus become more or less completely surrounded by cartilage. However, in a previous work, we have reported that a dorsally grafted notochord prevents the closure of the neural arches of the vertebrae and the formation of the spinous process. Therefore, in this dorsal position the notochord does not become surrounded by cartilage and the grafted notochord remains in direct contact with the neural tube (Monsoro-Burq et al., 1994) .
As already observed by Artinger and Bronner-Fraser (1992) , the dorsal notochord does not prevent the migration of neural crest cells and the formation of the spinal ganglia. The abnormal development of the dorsal neural tube however perturbs the connections of sensory fibers to the spinal cord: the dorsal roots are translocated ventrally (Fig. 6H ) and sensory fibers reach the spinal cord in several thin fascicles instead of a single large bundle away from the grafted area (Fig. 5H) .
In the situation where the notochord is implanted laterally, as described by other authors (Yamada et al., 1991; Goulding et al, 1993) , motoneurons and a floor plate-like structure are induced. The hyperproliferation of the dorsal neuroepithelial cells does not occur and the dorsal septum forms normally. The abnormal cell proliferation followed by cell death which takes place in contact with a dorsally grafted notochord does not occur when the notochord is implanted at a few micrometres lateral from the dorsal midline.
One could have assumed that the 180" rotation of the spinal cord at E2 could have the same effects on spinal cord development as to those observed after dorsomedial notochord grafts. This is not the case. The dorsal genes (Msxl, Msx2, Pax3) were down regulated and the ventral gene Pax6 up regulated in the alar plates now ventrally located. However, when examined from E6 to E9, the spinal cord did not show the hyperproliferation of the roof and dorsal alar plate cells. Although a novel floor plate was never induced at the roof plate site, BEN+ motoneurons sending axons to the periphery could develop in the alar plate (now in a ventral position) (Fig. 7) . It is noticeable in Fig. 7 that the endogenous notochord is embedded in cartilage and probably unable to exert any influence by chemical diffusion upon the tube from the ESE6 stage when it becomes surrounded by sclerotomal cells. Notable are the cytological changes occurring in notochord cells from this stage onward. They become enlarged by the formation of large vacuoles which do not appear in the ectopic mediodorsally grafted notochord (not shown). We thus hypothesize that in normal development the functional effect of the notochord on the neural tube, is limited in time by the development of the vertebra. In order to document more precisely the cytological and functional changes that occur in the notochord both in situ and in an ectopic situation, we have undertaken to record the expression of the MG160 glycoprotein which is present in the medial cisternae of the Golgi apparatus (Gonatas et al., 1995) and can be considered as a marker of cellular secretory activity. We have shown recently that MG160 is expressed in embryonic cells with variable intensities during development (N.O. Gonatas, personal communication) .
It would be interesting to see if the notochord evolves differently on this report when it is in situ or placed in a different microenvironment.
It appears from these experiments that as soon as it is formed, the roof plate is committed to form the dorsal septum and cannot acquire the properties of a floor plate in contact with the notochord. The prolonged action of notochordal factors on roof plate cells prevents their normal differentiation and results in their death after a phase of intensive proliferation. When the neural tube is rotated to 180" dorsoventrally, the roof plate is not transformed into a floor plate either. However, those grafts are rather short (about 6-somites long); the host floor plate is juxtaposed to the operated area and could by itself account for the induction of motoneurons in the alar plates of the grafted neural tube. Finally, the fact that motoneurons are induced in the alar plates after the 180" rotation of the neural tube while they are not in the dorsomedial graft paradigm may indicate that in the latter instance signals from the superficial ectoderm prevent the notochord from performing a complete ventralization of the alar plates.
In conclusion it is clear that the cell-to-cell interactions which govern the compartimentalization of the spinal cord in different and well defined areas rigorously distributed along the dorsoventral axis involve the action of substances endowed with short range activity. These interactions, limited to well defined temporal windows, result in the onset of strictly patterned gene activities the disturbances of which may have dramatic consequences on the future of definite cell populations. The response of the roof plate neuroepithelial cells vary strikingly according to their exposure to notochordal factors. When the notochord is grafted dorsolaterally, roof plate cells probably do not receive a sufficient influence from the graft to be diverted from their normal fate. When they are in contact with the endogenous notochord (in the case of 180" rotation of the neural tube), the time of action of notochordal factors is probably not long enough to induce the dramatic changes observed when the notochord is grafted dorsally. The dorsal environment allows the notochord to exert its effect for several days more than in the normal conditions where it becomes embedded in cartilage.
Experimental procedures
4.3. Sections processing
Materials
Chick (Callus Callus) and quail (Coturnix coturnix japonica) eggs from commercial sources were incubated at 38°C in a humidified atmosphere.
Surgical procedures
4.2.1. Transplantation of the notochord. The notochord is removed after enzymatic digestion (in 1.25% pancreatin in Ca*+Mg*+-free PBS) from quail embryos at 18 to 24 somite stage, on the length of the 10 last somites formed. It is then grafted into stagematched chick embryos at the level encompassing the 5-last somites formed plus the equivalent length in the unsegmented area. In other cases, the graft is inserted entirely in the unsegmented region of the host (Fig. 1A) . Two types of operations are performed: the notochord is placed either mediodorsally above the forming roof plate or laterodorsally to the neural tube as indicated in Fig.  IB. 
Immunostaining.
Embryos were fixed in 4% paraformaldehyde or in Carnoy's fixative. Paraffin sections were cut (5 pm thick) and rehydrated. After inhibition of endogenous peroxydases (0.3% H202 in methanol), the first antibody was applied overnight at 4°C. Staining was revealed with the Vectastain ABC kit (Vector). Sections were counterstained with Gill's hematoxylin.
Anti-chick Axonin-1 antibody was raised by Halfter et al. (1994) and obtained from Developmental Studies Hybridoma Bank, and anti-chick BEN antibody was raised in our laboratory (Pourquie et al., 1992) . The BEN protein is identical to SC1 (Pourquit et al., 1992) . Antineurofilament-200 polyclonal antibody was obtained from Sigma Immunochemical (No 4142). In some sections, myotomes were labelled with 13F4 monoclonal antibody (Rong et al., 1992) , and revealed with an alkaline phosphatase staining.
Sham experiments consisted in grafting a hair or a thin araldite membrane in the same position. Development of the neural tube and expression of the different markers were then normal. 4.3.2. Silver staining. Silver staining was also used to label neurofilaments (Gambetti et al., 1981) according to the technique described by Rager et al. (1979) .
In situ hybridization
After the graft of a notochord, the ectoderm heals rapidly above the operated area. In most cases, the dorsally grafted notochord did not prevent the formation of the roof plate. If the notochord was inserted within the neural groove, before closure of the neural tube, it was then found either between the two neural folds, preventing formation of the roof plate, or above the neural tube as described by Yamada et al. (1991) and Basler et al. (1993) . When the notochord was too deeply implanted so that the neural tube did not close, it resulted in a spina bifida. These embryos were discarded.
Paraffin sections were treated with [35S]UTP-labeled RNA probes according to the procedure of Wakamatsu and Kondoh (1990>, modified as follows: the washing procedure was more stringent and shorter: the 20% formamide-0.1 X SSC-10 mM DTT overnight wash was eliminated and replaced by two 20 min washes in 50% formamide-2X SSC-10 mM DTT. The temperature of these washes varied from 53°C to 60°C according to the probe used.
The operated embryos were examined at different times ranging from E4 to ElO. A total of 93 embryos receiving a dorsal graft (n = 71 at E4-E5; n = 22 at E7-ElO) and 8 embryos with a lateral graft were included in this study.
4.2.2. Rotation of the neural tube. The neural tube of a E2 chick embryo was dissected in ovo, at the level corresponding to the five last somites pair formed plus the rostral unsegmented area where the neural tube was closed. The chick notochord was left intact. A quail neural tube was dissected in vitro and freed from contaminating tissues by enzymatic treatment. The graft was then carefully rinsed and inserted in the chick host after a 180" dorsoventral rotation. The quail roof plate then faces the chick notochord. The use of quail tissues for the graft allows to determine the limits of the transplant in histological sections (Fig. 1C) . 37 embryos with inverted neural tube were successfully processed for this study (n = 27 at E4-E5, n = 10 at E6-ElO).
Chick Msxl cDNA, a gift of Dr Susuki, was digested by Pstl to generate a fragment specific for Msxl, located 3' to the homeobox. Msx2 specific fragment was also taken 3' to the homeobox as described in Takahashi et al. (1990) . Pax3 and Pax6 specific probes were kindly provided by Dr P. Gruss, and Sonic/vhh (further designated as vhh) probe by Dr R. Riddle. Dsl-I probe was a 400 bp fragment amplified by PCR by Dr 0. Pourquie according to the published sequence (Basler et al., 1993) . Chick ChAT probe was generously given by Dr S. Pfaff. preparing the manuscript, F. Viala and S. Gournet for photography and drawing.
